The restriction endonuclease, HindIll, gives rise to three fragments in each of the three mitochondrial DNAs isolated from the established mammalian cell lines LA9 (mouse), HeLa (human), and BSC-1 (African green monkey). The restriction endonuclease, EcoRI, gives rise to three fragments in mitochondrial DNA from HeLa and to two in DNAS from LA9 and BSC-1. The sizes and the orders of the fragments in the respective genomes have been determined with data obtained from the electron microscope. The origin and the direction of replication have been designated in each of the cleavage maps. Polyacrylamide gel electrophoretic analyses demonstrated that additional fragments not detectable in the electron microscope and larger than 50 nucleotide pairs were not present.
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The restriction endonucleases EcoRI from Escherichia coli
(1) and HindIII from Haemophilus infiuenzae (1) recognize a different hexanucleotide sequence in DNA (1) . Each produces a small number of specific fragments with mitochondrial DNAs (mtDNAs) isolated from established cell lines of human, African green monkey, and mouse origin. Because these DNAs contain D-loops at the origin of replication (2, 3) , it is possible to develop cleavage maps of the fragments with the sites of the origin of replication as reference points. Since replication proceeds unidirectionally (4, 5) , fragments obtained from larger replicating forms disclose the direction of replication on the map and refine the site of origin of replication to one fork of the D-loop. The development of six cleavage maps is described in this communication. It is anticipated that these maps will serve as primary maps for subsequent mapping studies. MATERIALS (7) . Grids were stained with alcoholic uranyl acetate and shadowed with Pt-Pd, as described (7) . They were examined and photographed in a Philips 300 electron microscope at a (film) magnification of 3000 X. Negatives were projected onto a Hewlett-Packard 9864 A Digitizer connected to a 9820 A calculator system and measured.
Either full-length mtDNA or OX174 RF DNA molecules were added to the samples after enzymatic restriction as internal size standards. The contour lengths of the mtDNAs were calibrated against that of OX174 Am3 RF DNA in which 10% of the molecules contained a 7% deletion (8 Gel electrophoresis patterns of the six digests showed that small fragments not detectable in the electron microscope and larger than 50 nucleotide pairs were absent. The sensitivity for detection of small fragments was equal to that for the large fragments because of the approximately equal endlabeling with radioactive nucleotides. Small fragments of about 50 nucleotide pairs produced by sequential double digests (see below) were found in the same slab gels in which the analyses of the single digests for small fragments were performed.
Glyoxal Fixation of the D-Loop. The well-documented loss of replicating forms by branch migration processes (9) was prevented by fixation with glyoxal, which reacts with guanylic acid residues in single-stranded DNA (10) . The D-loop frequency of glyoxal-fixed woolly monkey mtDNA before and after EcoRI digestion remained at 70%, the same value that was observed for unfixed and unrestricted DNA. After digestion of unfixed mtDNA, only 0.1-0.01% of the fragments contained a D-loop, indicating that branch migration occurred almost quantitatively after restriction. It is not known, however, whether the branch migration occurred immediately after restriction or during specimen grid preparation. mtDNA-enzyme combinations, except for EcoRI-digested HeLa and BSC-1. The measured lengths of the two fragments formed in the EcoRI-13SC-i digest form a bimodal histogram (Fig. 2) , in which the D-loops are seen to be present only in the larger fragment.
The foregoing type of analysis was impractical with the EcoRI-He La digest because of the low frequehcy of D-loop mtDNA. An alternative procedure based on measurements of H-form molecules (Fig. 3) formed by cuts within the D-loop expansions provided an unambiguous specification of the fragment carrying the site for the origin of replication. The length ratios, (A + B)/(D + E) (Fig. 3) , calculated from Table 1 The length measurements on D-loop-bearing fragments in the six systems (Table 2) show that the position of the D-loop relative to the ends (Fig. 4A) , was invariant in each. In order Fig. 6 . The two possible orders, BCA and ACB, where A < B < C, were distinguished by measurements on D-loop-bearing molecules. Of the three permuted full-length molecules, only type a molecules were useful in the analyses. The short lengths measured from the fixed fork of the D-loop to the terminus of HindIII-digested mtDNAs from HeLa, BSC-1, and LA9 cells were 22.2 ± 0.9, 23.3 ± 0.8, and 23.7 ± 0.6 cm, respectively. The calculated values from the data (Tables 1 and 2 ) were 22.8 ±t 2.1, 23.4 ± 1.6, and 23.8 ± 1.5 cm, respectively, for the order BCA and 32.2 ± 1.7, 31.8 ± 1.5, and 28.9 ± 1.7 cm, respectively, for the order ACB. We conclude that the order BCA is correct in all three cases. This conclusion was corroborated by measurements on the longer dimension of these molecules, and also by measurements of the molecules with one fragment missing, (d and e, Fig. 6 ).
In EcoRI-digested HeLa rntDNA, the fixed end of the D loop occurs at the midpoint of the largest fragment, a result that renders inapplicable the analyses used above. However, the D loop will expand into the longer segment if the order is Eleven expansions in molecules of types d and e (Fig. 6) showed unequivocally that the order is indeed ACB. No molecules were found that indicated the alternative order.
Since both BSC-1 and LA9 mtDNAs yielded only two fragments when digested with the EcoRI enzyme, the complete maps were determined with the data presented in the previous section in which the location and direction of expansion of the D-loop on one fragment were evaluated.
Cleavage Maps of the Three WtDNAs. All three mtDNAs (Fig. 7) The results for all combinations of enzymes and mtDNAs are shown in Fig. 7 . As a check on the correctness of the independently derived EcoRI and HindIII maps of LA9 mtDNA, a HindIII digest was exhaustively digested with EcoRI endonuclease. The resulting D-loop-bearing fragment length was 37 ± 1%, as compared with 38% (Fig. 7) , and 74% if the direction of expansion had been incorrectly assigned.
The accuracy of the position of the restriction sites presented in Fig. 7 is estimated to be ± 1% of the genome. An 
